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In the vertebrate embryo, development of the excretory system is characterized by the successive formation of three distinct
kidneys: the pronephros, mesonephros, and metanephros. While tubulogenesis in the metanephric kidney is critically
dependent on the signaling molecule Wnt-4, it is unknown whether Wnt signaling is equally required for the formation of
renal epithelia in the other embryonic kidney forms. We therefore investigated the expression of Wnt genes during the
pronephric kidney development in Xenopus. Wnt4 was found to be associated with developing pronephric tubules, but was
absent from the pronephric duct. Onset of pronephric Wnt-4 expression coincided with mesenchyme-to-epithelium
transformation. To investigate Wnt-4 gene function, we performed gain- and loss-of-function experiments. Misexpression
of Wnt4 in the intermediate and lateral mesoderm caused abnormal morphogenesis of the pronephric tubules, but was not
sufficient to initiate ectopic tubule formation. We used a morpholino antisense oligonucleotide-based gene knockdown
strategy to disrupt Wnt-4 gene function. Xenopus embryos injected with antisense Wnt-4 morpholinos developed normally,
but marker gene and morphological analysis revealed a complete absence of pronephric tubules. Pronephric duct
development was largely unaffected, indicating that ductogenesis may occur normally in the absence of pronephric tubules.
Our results show that, as in the metanephric kidney, Wnt-4 is critically required for tubulogenesis in the pronephric kidney,
indicating that a common, evolutionary conserved gene regulatory network may control tubulogenesis in different
vertebrate excretory organs. © 2002 Elsevier Science (USA)
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During vertebrate embryogenesis, a succession of kidneys
is formed to regulate fluid balance, osmolarity, and the
disposal of metabolic waste products. They arise sequen-
tially from the intermediate mesoderm as morphologically
distinct structures and are characterized by improved ca-
pacities to perform essential excretory functions. The three
kidneys—the pronephros, the mesonephros, and the
metanephros—may differ in the overall organization, but
nevertheless all have the nephron as the basic functional
unit (Bra¨ndli, 1999; Saxe´n, 1987). The generic vertebrate
nephron consists of three basic components: the corpuscle,
the tubules, and the duct. The corpuscle is responsible for
blood filtration. Epithelia of the tubules are the primary site
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All rights reserved.of selective reabsorption and secretion, while the duct
carries the urine to the exterior.
The embryonic origins of the basic elements of the
nephron in the three types of kidneys are fairly well
understood. The nephroi of mesonephric and metanephric
kidneys are derived from the same two independent tissue
compartments of the intermediate mesoderm, namely, the
nephric duct and the nephrogenic mesenchyme (Saxe´n,
1987). The nephric duct becomes the mesonephric and later
the Wolffian duct. These ducts will give rise to the excre-
tory (collecting) duct epithelia of mesonephric and meta-
nephric kidneys, respectively. The nephrogenic mesen-
chyme, after inductive signaling from the nephric duct, will
undergo mesenchyme-to-epithelium conversion to form
the corpuscles and tubular segments of mesonephric and
metanephric kidneys (Herzlinger, 1995). As with the more
advanced kidneys, all components of the pronephric kidney
are derived from the intermediate mesoderm (Bra¨ndli, 1999;
Carroll et al., 1999a; Nieuwkoop and Faber, 1956). In
Xenopus, cells of the somatic layer of the intermediate
13
mesoderm below somites 3–5 will start condensing in late
neurula stages (at around stage 21). They will give rise to
the pronephric tubule anlage, which will later generate
tubular epithelia. Concomitantly, cells in the adjacent
splanchnic layer will undergo morphogenesis to form the
pronephric capsule and glomus. The pronephric duct anlage
arises from a separate portion of the somatic layer of the
intermediate mesoderm, which is located below somites
5–7 and thus positioned caudal to the pronephric tubule
anlage. The existence of separate primordia for pronephric
tubules and duct is supported by dissection experiments
(Holtfreter, 1944; Vize et al., 1995). Furthermore, explant
studies indicate that the three primary pronephric cell fates
are specified at separate time points in the early neurula
embryo (Brennan et al., 1998, 1999). Nevertheless, the gene
products and the molecular mechanisms that control the
development of the three basic components of the proneph-
ric kidney are still poorly understood.
Most of our current understanding of the molecular
pathways that govern kidney development is derived from
studies of the mammalian metanephros (Davies and Bard,
1998; Schedl and Hastie, 2000). The development of the
metanephric kidney starts with the emergence of the epi-
thelial ureteric bud from the Wolffian duct and its penetra-
tion into the surrounding metanephrogenic mesenchyme
(Saxe´n, 1987). The subsequent development is character-
ized by reciprocal interactions between these two tissues.
Ureteric bud induction from the Wolffian duct and its
subsequent growth and branching to form the collecting
duct system of the kidney occur in response to signaling
from the metanephrogenic and stromal progenitor mesen-
chyme. The ureteric bud, in turn, induces the surrounding
metanephrogenic mesenchyme cells to condensate, un-
dergo mesenchyme-to-epithelium conversion, and differen-
tiate through several intermediate stages into epithelia of
different segments of the proximal and distal nephron
(Saxe´n, 1987). Regulation of metanephric kidney develop-
ment involves concerted action of growth factors and their
receptors, signaling molecules, second messengers, and
multiple transcription factors, which will initiate the syn-
thesis of a new set of cell–cell and cell–matrix adhesion
molecules, including cadherins, integrins, and basement
membrane components (Mu¨ller and Bra¨ndli, 1999).
Condensation and aggregation of metanephrogenic mes-
enchymal cells are initiated by ureteric bud-derived induc-
tive signals. Recently, it was shown that one of these long
sought factors is the leukemia inhibitory factor (LIF)
(Barasch et al., 1999). LIF-deficient mice, however, do not
display kidney abnormalities, suggesting that other factors
may corporate with LIF. These may include Wnt-11, which
is expressed exclusively at the ureter tips (Kispert et al.,
1996). Despite being an attractive candidate, Wnt-11 does
not appear to be sufficient to induce tubulogenesis in vitro
(Kispert et al., 1998). Besides Wnt-11, three other members
of the Wnt family of secreted growth factors, Wnt-2b,
Wnt-4, and Wnt-7b, are expressed with highly characteristic
patterns in the developing metanephric kidney (Kispert et
al., 1996; Lin et al., 2001; Stark et al., 1994). Wnt-7b is
expressed within the epithelia of the ureteric bud and
collecting ducts (Kispert et al., 1996). Expression occurs
however late and Wnt-7b is absent from the tips of the
ureter. This makes Wnt-7b an unlikely candidate for a role
in early steps of metanephric kidney development. Wnt-7b
mutant mice have been reported recently (Parr et al., 2001).
Absence of Wnt-7b gene function prevents fusion of the
chorion and allantois during placental development, which
leads to early embryonic lethality prior to the onset of
metanephric development. Wnt-2b, previously called Wnt-
13, is transiently expressed in peripheral mesenchymal
cells of the developing metanephric kidney (Lin et al.,
2001). In vitro experiments demonstrate that Wnt-2b pro-
motes survival and growth of isolated ureteric buds, sug-
gesting a role for Wnt-2b in controlling ureter morphogen-
esis (Lin et al., 2001).
The Wnt-4 gene is expressed in condensing metanephro-
genic mesenchymal cells very soon after induction by the
ureteric bud and persists in comma- and S-shaped bodies
(Stark et al., 1994). Mice lacking Wnt-4 gene function die of
renal failure within 24 h of birth (Stark et al., 1994). The
kidneys of Wnt-4 mutants are small and dysgenic, and
consist of undifferentiated metanephrogenic mesenchyme
interspersed with branches of ureter. Histological analysis
indicates that metanephrogenic mesenchyme is induced
but does not undergo pretubular aggregation and epithelial
transformation (Stark et al., 1994). Therefore, no mature
tubules are formed. Taken together, Wnt-4 acts during
mesenchyme-to-epithelium transformation and is neces-
sary for tubulogenesis in the metanephric kidney. In addi-
tion, in vitro experiments suggest that Wnt-4 is also a
sufficient signal for tubulogenesis and may be an autoregu-
lator of mesenchyme-to-epithelium transformation (Kispert
et al., 1998). Besides the metanephric kidney, other deriva-
tives of the urogenital system are affected in Wnt-4-
deficient animals (Vainio et al., 1999). Wnt-4 is required for
the development of the Mullerian duct in both sexes. In
females only, maintenance of postmeiotic oocytes and
suppression of Leydig cell differentiation and testosterone
production are dependent on Wnt-4 gene function. Outside
of the urogenital tract, Wnt-4 has an essential role in
progesterone-induced side-branching of the mammary duct
epithelium (Brisken et al., 2000) and is needed for the
expansion of ventral pituitary cell precursors during pitu-
itary organogenesis (Treier et al., 1998).
Development of pronephric tubules and ducts require
changes in cell shape and extensive cell rearrangements
similar to those seen during mesenchyme-to-epithelium
conversion in the metanephrogenic mesenchyme (Bra¨ndli,
1999). We therefore asked here the question whether pro-
nephric kidney development is dependent on Wnt signal-
ing. Pronephric expression of Wnt-4 has previously been
reported (Bra¨ndli, 1999; Carroll et al., 1999b). We found that
expression of Wnt-7b and Wnt-11 was not directly associ-
ated with pronephric kidney development. We therefore
focused our functional analysis on Wnt-4. Gain-of-function
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experiments established a role for Wnt-4 in regulating
tubule morphogenesis and indicated that Wnt-4 was not
sufficient to induce ectopic pronephric tubulogenesis. Dis-
ruption of Wnt-4 gene function using morpholino antisense
oligonucleotides led to a highly specific phenotype—
absence of pronephric tubules—while pronephric duct de-
velopment was largely unaffected. Our studies reveal that
tubulogenesis in the pronephric kidney is dependent on
Wnt-4 signaling, which demonstrates that the same basic
molecular pathway controls tubulogenesis in pronephric
and metanephric kidneys. Furthermore, our results validate
morpholino antisense oligonucleotides as a powerful tool to
disrupt gene function during kidney organogenesis in Xe-
nopus.
MATERIALS AND METHODS
Embryos
In vitro fertilization, embryo culture, staging, and microinjec-
tions were performed as described (Bra¨ndli and Kirschner, 1995;
Helbling et al., 1998). RNA encoding either the lineage tracer
cytoplasmic -galactosidase (cytgal) or nuclear -galactosidase
(nucgal) was coinjected at 0.1 ng per blastomere. To target the area
of the developing pronephros, microinjections were performed
preferentially into the dorsal region of V2 blastomeres of eight-cell-
stage embryos (Huang et al., 1998; Moody and Kline, 1990).
Plasmids
The following plasmids were constructed for in vitro coupled
transcription–translation reactions and in vitro RNA synthesis.
pCS2-Wnt4(5)UTR (alternative name: pDS34) contains the open
reading frame of Xenopus Wnt-4 plus 15 nucleotides of the 5UTR.
pCS2-HAWnt-4 (pDS24) encodes a fusion protein consisting of the
pre-pro region and the proteolytic cleavage site of activin B
followed by an HA-tag and the mature region of Wnt-4. The
plasmid was generated by substituting the mature region of
ActivinB of the pCS2-ActivinB-HA (Piccolo et al., 1999) for the
mature region of Xenopus Wnt-4 (amino acids 25–327). pCS2-
Wnt1(5)UTR (pDS16) harbors the ORF of Xenopus Wnt-1 plus 15
nucleotides of the 5 UTR. For overexpression experiments, the
following plasmids harboring ORFs of various Xenopus Wnt genes
were constructed: pCS-Wnt2 (pDS18), pCS2-Wnt4 (pDS3), pCS2-
Wnt7b (pDS19), pCS-Wnt8 (pDS9), and pCS2-Wnt11 (pDS1). Am-
plification products were generated by PCR using the Expand High
Fidelity PCR System (Roche Diagnostics) and subcloned into the
pCS2 vector (Turner and Weintraub, 1994). Note that Xenopus
Wnt-2 has originally been known as Wnt-2b (Landesman and Sokol,
1997), but is actually the orthologue of mouse and human Wnt-2
(see R. Nusse; http://www.stanford.edu/rnusse/wntgenes/
vertwnt.html).
In Situ Hybridization
Probe synthesis, whole-mount in situ hybridization, and
-galactosidase staining were carried out as described (Helbling et
al., 1998, 1999). Where necessary, embryos were bleached for 2 h
with 1% hydrogen peroxide/5% formamide/0.5 SSC. Digoxigenin-
labeled probes were transcribed from linearized plasmids encoding
Xenopus CLC-K (Maulet et al., 1999), LIM-1 (Taira et al., 1992),
Pax-2 (Heller and Bra¨ndli, 1997), Poy-2 (Witta et al., 1995),
SGLT-1L (Nagata et al., 1999), Wnt-4 (McGrew et al., 1992),
Wnt-7b (Wolda and Moon, 1992), and Wnt-11 (Ku and Melton,
1993). Where necessary, the ORFs were subcloned into pBluescript
II SK() (Stratagene). Sense strand controls were prepared from all
plasmids and tested negative by in situ hybridization.
Histology
Fixed embryos stained in whole mount were embedded in plastic
or agarose for sectioning. For plastic sections, fixed embryos were
embedded in Durcupan (Fluka) according to the manufacturer’s
instructions, sectioned at 1.5–3 m using an Ultracut E microtome
(Reichert-Jung), and counterstained with Toluidine Blue and Basic
Fuchsine. Agarose embedding and sectioning with a vibrating blade
microtome (Leica VT1000S) were performed as described (Eid and
Bra¨ndli, 2001).
In Vitro Coupled Transcription–Translation
Reactions
In vitro transcription–translation reactions were performed by
using the SP6 TNT Quick Coupled Transcription–Translation Kit
from Promega. Reaction mixtures contained 1 l (50 ng) template
DNA plasmids, 1 l morpholino oligos (final concentrations: 0.03,
0.1, 0.3, 1, or 3 M), 16 l TNT mix, 0.5 l [35S]methionine (1000
Ci/mmol, 15 Ci/l; Amersham Biosciences), and 1.5 l distilled
water. Reactions were incubated at 30°C for 90 min and stopped by
chilling to 4°C. The translation products were separated on precast
NuPAGE 4–12% Bis–Tris gels (Invitrogen) by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) with
MOPS running buffer and detected by autoradiography. Quantifi-
cation of radiolabeled proteins was performed by using a Cyclone
phosphorimager (Packard) and OptiQuant software.
Morpholino Oligonucleotides and Injections
Morpholino oligonucleotides (25-mer) (Summerton and Weller,
1997) were obtained from Gene Tools LLC (Corvallis, OR). The
sequence of the Wnt-4 antisense morpholino (Wnt4-MO) targets
the translational start site of Xenopus Wnt-4 and was selected
based on the design parameters recommended by the company.
Sequences of the morpholinos used were as follows (sequence
complementary to the predicted start codon is underlined): Wnt4-
MO, 5-GTACTCTGGGGTCATCCTGCTGCTG-3; Wnt4(mp)-
MO (a control incorporating four mispairs, relative to Wnt4-MO),
5- GTACgCTGGaGTCATCCTaCTaCTG-3; Wnt4(sc)-MO [sense
control of Wnt4-MO], 5-CAGCAGCAGGATGACCCCAGAG-
TAC-3; and Cont-MO (standard control provided by Gene Tools),
5-CCTCTTACCTCAGTTACAATTTATA-3. GenBank searches
failed to detect significant homologies of the morpholinos to
sequences elsewhere in the Xenopus genome. The morpholinos
were resuspended in sterile water to a concentration of 4 mM (34
mg/ml). The injected doses ranged from 0.1 to 20 ng per blastomere.
Higher doses (15 ng) appeared to cause nonspecific defects.
Standard injections were 5 ng (3.55  1011 molecules) per blas-
tomere to give a final concentration of 1 M.
Photography and Computer Graphics
Photographs were taken digitally with an SV11 stereoscopic
microscope (Zeiss) equipped with AxioCam Colour camera (Zeiss).
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FIG. 1. Wnt-4 is expressed in the pronephric anlage and pronephric tubules. Wnt-4 transcripts were detected by whole-mount in situ
hybridization. (A–C, F) Lateral views of Xenopus embryos with anterior to the left. (A) Wnt-4 expression in the pronephric anlage
(arrowhead) of a stage 19 embryo. Expression is also present in the brain (b) and neural tube (nt). (B) At stage 24, Wnt-4 expression is
prominently detected in the pronephric tubule anlage (arrowhead) and the ventral blood islands (bi). (C) At stage 32, Wnt-4 expression was
associated with the pronephric tubules. Inset shows an enlargement of the pronephros with the three nephrostomes (arrowheads). Other
regions with Wnt-4 expression include visceral arches (va), the neural tube, and discrete sections of the mid- and hindbrain (mb, hb). (D,
E) Sections of stage 24 (D) and 32 (E) embryos hybridized in whole mount with Wnt-4 antisense probes. Embryos were embedded in agarose
and transverse sections (30 m) were cut at the level of the developing pronephric kidney. Sections are oriented with dorsal to the top. (D)
Wnt-4 expression was detected in the pronephric anlage (pa) and neural tube (nt). The inset shows an enlargement of Wnt-4 expression in
the somatic layer (so) of the intermediate mesoderm. The splanchnic layer (sp) and endoderm (ed) are devoid of any expression. (E) Wnt-4
expression is associated with the developing pronephric tubules (pt) and the floor plate (fp). The inset shows a close-up view of Wnt-4
expression in the pronephric tubules. (F) A stage 32 embryo stained for Pax-2 expression to visualize the pronephric kidney with tubules
(arrowheads) and duct (pd) is shown for comparative purposes. Scale bars: 600 m (A, B, C, F); 200 m (inset in C); 140 m (D, E); 40 m
(insets in D, E).
FIG. 2. Overexpression of Wnt-4 affects morphogenesis of pronephric tubules. Single V2 blastomeres of eight-cell-stage embryos were
coinjected with 0.25 ng of Wnt-4 mRNA and the lineage tracer nuclear -galactosidase (nucgal, 0.1 ng). Embryos were fixed at stage 33/34,
processed for gal activity, and hybridized with a LIM-1 antisense probe. (A) Control side of a Wnt-4-injected embryo. (B) Enlargement of
the area bordered in (A). Note the characteristic expression of LIM-1 in the nephrostomal sections of the pronephric tubules (arrowheads)
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Images of sectioned embryos were captured with an AxioCam
Colour camera mounted on an Axioscop 2 MOT light microscope
(Zeiss). Composite figures were organized and labeled by using
Adobe Photoshop 5.0.2 and Adobe Illustrator 8.0.1 software.
RESULTS
Pronephric Expression of Wnt-4 Is Confined to the
Developing Tubules
Of the Wnt family members, Wnt-4, Wnt-7b, and Wnt-11
are prominently expressed in the developing metanephric
kidney (Kispert et al., 1996; Stark et al., 1994). While we
and others had noted that Wnt-4 expression was also
present in the pronephric kidney (Bra¨ndli, 1999; Carroll et
al., 1999b), it was unknown whether expression of other
Wnts occurred during pronephric kidney development in
Xenopus. We therefore performed in situ hybridizations
with probes directed against Wnt-7b and Wnt-11. While
Wnt-7b did not meet these criteria, expression of Wnt-11
occurred in the somites adjacent to the developing proneph-
ric kidney as described (Ku and Melton, 1993). Careful
inspection of embryos up to stage 40 failed, however, to
reveal any evidence of Wnt-11 expression in the developing
pronephric duct (data not shown).
Starting from stage 21, the somatic layer of the interme-
diate mesoderm undergoes thickening and epithelializa-
tion, giving rise to the tubules and the duct of the proneph-
ric kidney (Bra¨ndli, 1999; Hausen and Riebesell, 1991;
Nieuwkoop and Faber, 1956). We therefore examined the
expression of Wnt-4 during pronephric kidney development
in detail. Bilateral expression of Wnt-4 in an area ventral to
the anterior somites was detected as early as stage 19 (Fig.
1A). By stage 24, Wnt-4 expression was clearly associated
with the anterior region of the pronephric anlage contrib-
uting to pronephric tubules (Fig. 1B). Transverse sections
revealed that Wnt-4 expression was clearly associated with
the somatic, but absent from the splanchnic layer of the
intermediate mesoderm (Fig. 1D). By stage 32, the Wnt-4-
expressing areas had developed into structures that were
identified as the nephrostomal segments of the pronephric
tubules (Fig. 1C). Unlike Pax-2, which is expressed in all
pronephric epithelia, Wnt-4 was confined to the developing
pronephric tubules (compare Figs. 1C and 1F). Transverse
sections at the level of the pronephros demonstrated the
presence of Wnt-4 transcripts in tubule epithelia (Fig. 1E).
From stage 35 on, expression of Wnt-4 began to decline
concomitant with the maturation of pronephric tubules
(not shown). Taken together, transformation of the inter-
mediate mesoderm to tubule epithelia is associated with
the onset and sustained expression of Wnt-4. This suggests
a function of Xenopus Wnt-4 in pronephric tubulogenesis
consistent with the previously described requirement of
Wnt-4 during metanephric development in the mouse
(Stark et al., 1994).
Misexpression of Wnt-4 Reveals a Role in
Regulating Morphogenesis of Pronephric Tubules
Given the evidence for pronephric Wnt-4 expression, we
asked whether Wnt-4 might play a functional role during
pronephric tubule development. Coculture experiments
have previously demonstrated that Wnt-4-expressing cells
are sufficient to trigger mesenchyme-to-epithelium trans-
formation in cultures of isolated metanephrogenic mesen-
chyme (Kispert et al., 1998). We therefore carried out
misexpression experiments in Xenopus embryos to deter-
mine whether Wnt-4 may modulate pronephric kidney
development and whether it is capable of inducing tubulo-
genesis at ectopic locations. Injection of Wnt-4 mRNA into
the two dorsal blastomeres of four-cell Xenopus embryos
inhibits extension of the embryonic axis, causing a short-
ened body axis, while injection into ventral blastomeres has
no effect (Du et al., 1995; Ungar et al., 1995). According to
the fate map for the eight-cell-stage embryo (Huang et al.,
1998; Moody and Kline, 1990), the vegetal ventral blas-
tomere, V2, makes a major contribution to the pronephros,
but little or none to the notochord. We therefore targeted
Wnt-4 mRNA injections to single V2 blastomeres of eight-
cell-stage embryos to avoid any effects on axis formation.
The injected embryos were raised to stage 33/34, fixed, and
processed for further analysis. As expected, embryos ap-
peared overall normal and extension of the embryonic axis
was not affected (Fig. 2). Embryos were subsequently ana-
lyzed by in situ hybridization for expression of the proneph-
ric marker genes LIM-1 (Taira et al., 1994), Pax-2 (Heller
and Bra¨ndli, 1999), and Pou2 (Witta et al., 1995). Analysis of
the embryos failed to reveal any evidence of ectopic pro-
nephric tissue formation (Figs. 2D and 2E; not shown).
Misexpression of Wnt-4 was therefore not sufficient to
induce ectopic tubulogenesis in the intermediate and lat-
eral mesoderm.
Next, we assessed the integrity of the pronephric kidneys
in Wnt-4-injected embryos. Pronephric expression of LIM-1
in tadpole-stage embryos is found throughout the duct, but
is confined to the nephrostomal segments of the tubules
and duct (pd). (C) The horizontal 30-m section at the level of the pronephros (see dotted line in B) reveals the presence of three pronephric
tubules (arrowheads). (D) Injected side of the embryo shown in (A). Note that morphogenesis of the pronephric duct is unaffected. (E)
Enlargement of the area bordered in (D) revealing the presence of a single nephrostomal structure (arrowhead). (F) A horizontal 30-m
section cut at the level of the nephrostomes shows the presence of a single tubule with a well-organized epithelium and a large luminal
space (arrowhead). Scale bars: 400 m (A, D); 120 m (B, E); 160 M (C, F).
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(Figs. 2A and 2B). Injected embryos displayed normal LIM-1
expression in the duct, indicating that formation and exten-
sion of the pronephric duct was not affected by ectopic
Wnt-4 expression (Figs. 2D and 2E). Similarly, analysis of
embryos for expression of Pou-2, which is specifically
expressed in the pronephric duct (S. Locher, H.G., and
A.W.B., unpublished observation), failed to reveal any ab-
normalities in pronephric duct development (not shown). In
contrast, specific defects were associated with the proneph-
ric tubules. Whereas controls displayed the three character-
istic LIM-1-expressing nephrostomes (Figs. 2A and 2B),
these were no longer visible as separate, distinct entities on
the injected sides of embryos (Figs. 2D and 2E). The nephro-
stomes frequently appeared to be fused into a single struc-
ture. Malformation of pronephric tubules was also evident
when embryos were stained for Pax-2 expression (data not
shown). The described tubular phenotypes were observed in
56% (n  98) of the LIM-1- and 66% (n  150) of the
Pax-2-stained embryos (Table 1; not shown). Selected af-
fected embryos were sectioned to investigate the tubular
phenotype in detail. Horizontal sections revealed that fre-
quently only a single tubule was present in place of the
characteristic three tubules (Figs. 2C and 2F). Interestingly,
these single tubules contained well-developed luminal
spaces, indicating that mesenchyme-to-epithelium transi-
tion and epithelial polarization had occurred apparently
normally. Overexpression of Wnt-4 appears therefore to
perturb early morphogenesis of pronephric tubules, result-
ing in the formation of a single tubule.
In order to investigate whether other Wnt proteins, which
are normally not expressed in the pronephros, share these
properties, we injected V2 blastomeres with mRNA encod-
ing Wnt-1, Wnt-2, Wnt-7b, and Wnt-11. Embryos were
stained for Pax-2 expression to assess the integrity of the
pronephric kidney. In no case could ectopic pronephric
tissue be detected. Injection of Wnt-2 and Wnt-7b also had
no effect on morphogenesis of pronephric tubules. How-
ever, a subset of the Wnts tested had a pronounced effect
(Table 1). Injections of Wnt-1 and Wnt-11 perturbed pro-
nephric tubule morphogenesis in a manner indistinguish-
able from Wnt-4-injected embryos. While 78% of Wnt-11-
injected embryos (n  49) were affected, Wnt-1 was less
potent as only 23% of the embryos (n  44) displayed
abnormal pronephric tubules. In all cases analyzed, pro-
nephric duct development appeared normal. These experi-
ments suggest that a subset of Wnt proteins, which include
Wnt-4, Wnt-11, and possibly Wnt-1, is able to modulate
pronephric tubules morphogenesis.
Sequence-Specific Inhibition of Wnt-4 Protein
Synthesis in a Cell-Free Coupled Transcription–
Translation System
We used an antisense oligonucleotide approach to inhibit
translation of Wnt-4 transcripts to address whether Wnt-4
gene function was necessary for pronephric tubule develop-
ment. Morpholino phosphorodiamidate oligonucleotides
(morpholinos, MOs) are synthetic DNA analogues that
have been used successfully for translational inhibition in
Xenopus and zebrafish embryos (Heasman et al., 2000;
Nasevicius and Ekker, 2000). We designed a 25-mer anti-
sense MO (Wnt4-MO) to target the translational start site
(position 10 to 15) of the Xenopus Wnt-4 gene. In
addition, the following control MOs were synthesized:
Wnt4(mp)-MO, which incorporates four mispairs relative to
Wnt4-MO; Wnt4(sc)-MO, a reverse complement (sense)
version of Wnt4-MO; and Cont-MO, a randomly chosen
25-mer oligonucleotide (see Materials and Methods).
We used a cell-free coupled transcription–translation sys-
tem to test the specificity of Wnt4-MO to inhibit transla-
tion of Wnt-4. Three plasmids were constructed for the in
vitro protein synthesis assay: pCS2-Wnt4(5)UTR, encoding
the 5UTR (target sequence of Wnt4-MO) plus the Wnt-4
ORF; pCS2-HAWnt4, the pre-proregion of activin B fused
to an HA-tagged version of the mature Wnt-4 protein; and
pCS2-Wnt1, ORF of Wnt-1. We first assessed whether
Wnt4-MO could inhibit Wnt-4 protein synthesis in a dose-
dependent manner. As shown in Fig. 3A, a strong reduction
of protein synthesis (73%) was observed at the highest
concentration of 3 M. Lower concentrations were less
effective. We next tested the effects of control MOs at 1
M, the standard concentration used for embryo injections
(see below). In contrast to Wnt4-MO, none of the control
MOs inhibited Wnt-4 protein synthesis (Fig. 3B). In a
separate set of experiments, we were able to demonstrate
that neither synthesis of the HA-tagged Wnt4 fusion pro-
TABLE 1
Altered Pronephric Tubule Morphogenesis in Wnt mRNA-Injected Embryos
mRNA injected
Wnt-1 Wnt-2 Wnt-4 Wnt-7b Wnt-11
Frequency of abnormal pronephric tubules 23%
n  44
0%
n  62
66%
n  150
0%
n  58
78%
n  49
Note. Single V2 blastomeres of eight-cell-stage embryos were injected with 0.25 ng mRNAs encoding various Xenopus Wnts. Tailbud
embryos (stage 33/34) were hybridized for Pax-2 expression and scored for alterations in pronephric tubule morphogenesis. n, number of
embryos analyzed.
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tein nor Xenopus Wnt-1 was significantly inhibited in the
presence of Wnt4-MO or any other MO tested (Figs. 3C and
3D).
To assess the extent of toxicity in Xenopus embryos,
Wnt4-MOs were injected at amounts ranging from 0.1 to 20
ng, which corresponds to final concentrations ranging from
0.02 to 4 M, respectively. The embryos were monitored for
any phenotypic differences to uninjected controls. In gen-
eral, injections at doses of 10 ng or less resulted in no
obvious morphological abnormalities. Increasing the
amounts to 20 ng resulted in 10–30% of abnormal embryos
with anterior–posterior truncations (not shown). We there-
fore chose to use 5 ng Wnt4-MO (final concentration: 1 M)
for standard injections. We next asked whether Wnt4-MO
could suppress the severe shortening of the body axis
caused by Wnt-4 overexpression as described by others (Du
et al., 1995; Ungar et al., 1995). Wnt-4 mRNA (0.25 ng) was
injected into both dorsal blastomeres at the four-cell stage.
Forty-five percent (n  38) of the resulting embryos dis-
played the characteristic shortened body-axis phenotype
with a range of severity (Fig. 4A). In contrast, Wnt4-MO
efficiently rescued the embryos from the effects of Wnt-4
FIG. 3. Inhibition of Xenopus Wnt-4 translation in vitro by Wnt-4 antisense morpholinos. Plasmids (50 ng) encoding Wnt-4, HAWnt-4,
and Wnt-1 were used as templates in cell-free coupled transcription–translation reactions. Several morpholinos [Wnt4-MO; sense control,
Wnt4(sc)-MO; four-mispaired control, Wnt4(mp)-MO; and a standard control, Cont-MO] were tested for inhibition of translation. Cell-free
transcription–translation reactions were performed in the presence of [35S]methionine and analyzed by SDS–PAGE/autoradiography. (A)
Dose-response analysis of inhibition of Wnt-4 translation by Wnt4-MO. The amount of radiolabeled protein produced was quantified by
using a phosphorimager. The control sample, which was not treated with Wnt4-MO, was set at 100%. Significant reduction of protein
synthesis occurred with 1 and 3 M Wnt4-MO. (B) Sequence-specific inhibition of Wnt-4 translation by Wnt4-MO. Morpholinos (1 M)
were used to inhibit translation of Wnt-4. Only Wnt4-MO was effective in blocking Wnt4 translation. (C, D) In vitro translation of HAWnt4
(an HA-tagged Wnt-4 variant lacking the complementary target sequence for Wnt4-MO) and Xenopus Wnt-1 was essentially unperturbed
in the presence of Wnt4-MO. Morpholinos were used at 1 M.
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overexpression. For example, coinjection of Wnt-4 mRNA
along with Wnt4-MO (0.25 ng each) resulted in 85% (n 
41) normal embryos. The remaining 15% of the embryos
displayed a very mild phenotype (Fig. 4B). Increasing the
dose of Wnt4-MO to 1 or 5 ng reduced the frequency of
mildly affected embryos to 10% or less (n  39 for both
doses). Taken together, our results demonstrate that Wnt4-
MOs can act in vitro as well as in vivo as highly specific
inhibitors of Wnt-4 protein synthesis and function.
Disruption of Wnt-4 Gene Function by Wnt4-MOs
Abolishes Expression of Pronephric Tubule-Specific
Marker Genes
To assess the role of Wnt-4 in pronephric kidney devel-
opment, we used Wnt4-MO to disrupt Wnt-4 gene function.
Injections of 5 ng (1 M final concentration) Wnt4-MO
were made into single V2 blastomeres of eight-cell-stage
embryos, and the resulting embryos were subsequently
analyzed by in situ hybridization using a panel of proneph-
ric marker genes. Renal Wnt-4 expression is confined to the
tubules of the pronephric kidney as demonstrated earlier
(Fig. 1). Injection of Wnt4-MO led to a strong down-
regulation of tubule-specific Wnt-4 expression in 66% of
the injected embryos (Figs. 5A and 5B; Table 2). It is
unlikely that Wnt4-MO caused specific degradation of the
Wnt-4 mRNA, since injections of Wnt4-MO at the two-cell
stage did not affect Wnt-4 expression in other tissues, such
as the neural tube and brain (data not shown). Rather,
Wnt-4 gene function appears to be necessary to maintain its
own expression in the pronephric kidney. Renal expression
of Pax-2 occurs in epithelia of pronephric tubules as well as
the pronephric duct (Heller and Bra¨ndli, 1997). Inspection of
Wnt4-MO-treated embryos revealed that tubular Pax-2 ex-
pression was frequently absent, while Pax-2 expression in
the pronephric duct was not affected (Figs. 5E and 5F;
Table 2).
We next assessed to which extent pronephric epithelia of
Wnt4-MO-treated embryos undergo terminal differentia-
tion. CLC-K (Maulet et al., 1999) encodes a Xenopus mem-
ber of the CLC family of chloride channels, whose renal
expression is confined to maturing epithelia of the proneph-
ric duct (S. Eid and A.W.B., manuscript in preparation).
Duct-specific expression of CLC-K was unaffected in the
vast majority of the Wnt4-MO-injected embryos (Figs. 5I
and 5J; Table 2). However, coiling of the anterior portion of
the pronephric duct was frequently reduced. It is likely that
this phenotype is a consequence of perturbed tubulogenesis.
Finally, embryos were analyzed for the expression of SGLT-
1L, a Xenopus member of the sodium-dependent glucose
cotransporter family of solute carrier genes (Nagata et al.,
1999). Embryonic expression of SGLT-1L occurs exclu-
FIG. 4. In vivo suppression of the Wnt-4 overexpression phenotype by Wnt-4 antisense morpholinos. Both blastomeres at the two-cell
stage were injected with either 0.25 ng Wnt-4 mRNA alone or Wnt-4 mRNA and Wnt4-MO (0.25 ng each). RNA encoding cytoplasmic
-galactosidase mRNA (cytgal) was coinjected as a lineage tracer. Embryos were fixed at stage 33/34, processed for gal activity, and
classified according to their phenotype. (A) Injection of Wnt-4 mRNA frequently causes a shortened body-axis phenotype. In the experiment
shown, 31% (n  25) of the embryos were normal or mildly affected. Moderate phenotypes were observed in 64% (n  52) and severe
truncations were found with 5% (n  4) of the embryos. Examples of embryos with phenotypes ranging from mild to severe are shown. (B)
Coinjection of Wnt4-MO rescues Wnt-4-injected embryos. Out of the injected embryos (n  41), 85% developed with no discernable
phenotype. Examples of rescued embryos are shown. A mild shortened body-axis phenotype was observed with 15% of the embryos. Scale
bars: 1.1 mm (A); 1 mm (B).
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sively in late maturing pronephric tubule epithelia (Eid et
al., 2002). We found that the presence of Wnt4-MO effi-
ciently abolished the expression of SGLT-1L. This occurred
with the same frequency with which the lack of Wnt-4
expression was observed (Figs. 5M and 5N; Table 2).
Separate control injection experiments were performed
FIG. 5. Down-regulation of pronephric tubule-specific gene expression caused by injection of Wnt4-MO. Coinjections of 5 ng morpholinos
[Wnt4-MO: B, F, J, N; or Wnt4(mp)-MO: D, H, L, P] and the lineage tracer cytgal (0.1 ng) were performed into single V2 blastomeres at the
eight-cell stage. Injected embryos were fixed at stages 29/30 (A–D) or 33/34 (E–P) and processed for gal activity. Expression of various
marker genes was visualized by whole-mount in situ hybridization. Embryos with control and injected sides, respectively, are shown
accompanied by enlargements of the pronephric region (a–p). (A–D) Injection of Wnt4-MO resulted in specific down-regulation of
nephrostomal Wnt-4 expression (arrowheads), whereas injection of Wnt4(mp)-MO did not affect Wnt-4 expression. (E–H) Absence of
discernable tubular Pax-2 expression (arrowheads) was observed in Wnt4-MO, but not in Wnt4(mp)-MO injected embryos. Expression of
Pax-2 in the pronephric duct (pd) was largely unaffected by injection of either MO. (I–L) Pronephric expression of CLC-K is essentially
normal in MO-injected embryos. Reduced coiling of the anterior duct portion (arrowhead), however, is observed with Wnt4-MO-injected
embryos. (M–P) Injection of Wnt4-MO, but not Wnt4(mp)-MO, abolishes SGLT-1L expression (arrowhead). Scale bars: 400 m (A–P); 120
m (a–p).
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with Wnt4(mp)-MO, Wnt4(sc)-MO, and Cont-MO, but
failed to reveal any significant differences when compared
with untreated embryos (Fig. 5, Table 2; not shown). Dis-
ruption of renal Wnt-4 gene function by Wnt4-MO injection
specifically inhibits the expression of early (i.e., Wnt-4,
Pax-2) as well as late markers (i.e., SGLT-1L) of pronephric
tubules, while expression of pronephric duct markers (i.e.,
CLC-K) occurred largely normal. Wnt-4 gene function ap-
pears therefore to be required for tubule, but not for duct
development in the pronephric kidney of Xenopus.
Injection of Wnt-4 mRNA Rescues Expression of
Pronephric Tubule Markers in Wnt4-MO-Treated
Embryos
We asked here whether the tubule-specific phenotype
observed in Wnt4-MO-injected embryos could be rescued
by the Wnt-4 protein. For this purpose, we generated a
fusion protein between the pre-pro region of activin B and
a HA-tagged mature Wnt-4 polypeptide (HAWnt-4). Dorsal
mRNA injections resulted in the characteristic shortened
body-axis phenotype, indicating that the fusion protein
retained full Wnt-4 activity (not shown). Furthermore,
transcripts encoding the Wnt-4 fusion protein were inert to
inhibition by Wnt4-MO (Fig. 3C). Rescue experiments were
performed by coinjecting V2 blastomeres with 5 ng
Wnt4-MO and increasing amounts of HAWnt-4 mRNA.
While only 28% of the embryos injected with Wnt4-MO
alone expressed SGLT-1L, coinjection of Wnt4-MO with
0.25 ng HAWnt-4 mRNA restored SGLT-1L expression in
44% of the embryos (Fig. 6; Table 3). The rescue displayed
dose dependency. Coinjection of higher amounts of
HAWnt-4 increased the frequency of SGLT-1L expression.
At 1.5 ng, the highest concentration tested, 63% of the
embryos regained the ability to express SGLT-1L. We con-
clude that HAWnt-4 is sufficient to rescue pronephric
tubule marker gene expression in Wnt4-MO-treated em-
bryos. This further suggests that Wnt4-MO specifically
disrupts Wnt-4 gene function without causing general toxic
effects to the embryo.
Absence of Pronephric Tubules in Wnt4-MO-
Injected Embryos
We performed histological sections of Wnt4-MO-injected
embryos to assess the consequences of inhibiting Wnt-4
gene function at the cellular level. Transverse sections of
SGLT-1L-stained embryos revealed that pronephric tubules
were entirely absent from the injected side (Fig. 7A). In
contrast, control embryos injected with Wnt4(mp)-MO de-
veloped normal, well-organized pronephric tubules (Fig.
7B). Pronephric duct epithelia were also unaffected by the
presence of either Wnt4-MO or Wnt4(mp)-MO (not shown).
Adjacent tissues developed unaffected, but the endoderm of
Wnt4-MO-injected embryos appeared to be less well devel-
oped as compared with controls. Interestingly, the progeny
of the injected V2 blastomeres do not only give rise to
pronephric tissues, but they also contribute to endodermal
derivatives, such as the foregut (Moody and Kline, 1990).
There is, however, no evidence for expression of Wnt-4 in
the endoderm adjacent to the developing pronephric kidney
(see Fig. 1E), which suggests that the effects on the
endoderm are non-cell autonomous. Normal development
of the endoderm may therefore be dependent on interac-
tions with the pronephric kidney. Taken together, Wnt-4-
deficient embryos fail to form pronephric tubules, demon-
strating a requirement for Wnt-4 gene function in
tubulogenesis during pronephric kidney development.
DISCUSSION
Mesenchyme-to-epithelium transition of nephrogenic
mesenchyme is the central event during early tubulogen-
esis in the developing metanephric kidney. Two strands of
evidence implicate Wnt proteins in this process. First, cell
lines expressing Wnt-1 are capable of inducing metanephric
mesenchyme to undergo tubulogenesis (Herzlinger et al.,
1994). However, Wnt-1 cannot be the endogenous inducer
as it is not expressed in the developing kidney. The second
evidence comes from studies of the Wnt-4 gene, which is
required for tubulogenesis in the metanephric kidney and
can induce tubulogenesis in vitro (Kispert et al., 1998; Stark
et al., 1994). The aim of the present study was to investigate
the role of Wnt signaling in pronephric kidney develop-
ment.
Conservation of Wnt-4 Expression during
Tubulogenesis in All Embryonic Kidney Forms
To date, four Wnt genes with expression in the develop-
ing mouse metanephric kidney have been identified, i.e.,
TABLE 2
Analysis of Marker Gene Expression in Morpholino-Injected
Xenopus Embryos
MO injected
Frequency of embryos with strongly
reduced or absent pronephric
marker gene expression
Wnt-4 Pax-2 CLC-K SGLT-1L
5 ng Wnt4-MO 66%
n  38
44%a
n  45
15%
n  39
66%
n  38
5 ng Wnt4(mp)-MO 7%
n  28
5%
n  20
0%
n  24
4%
n  25
Note. Single V2 blastomeres of eight cell-stage embryos were
injected with morpholino oligonucleotides. Embryos (stage 29/30
for Wnt-4; otherwise stage 33/34) were processed for whole-mount
in situ hybridization and scored for marker gene expression in the
pronephros. n, number of embryos analyzed.
a The frequencies refer here to strongly reduced or absent Pax-2
expression associated with pronephric tubules, while pronephric
duct expression was generally unaffected.
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Wnt-2b, Wnt-4, Wnt-7b, and Wnt-11 (Kispert et al., 1996;
Lin et al., 2001; Stark et al., 1994). Our survey of Wnt gene
expression during pronephric kidney development in Xeno-
pus established expression of Wnt-4 but failed to detect
expression of Wnt-7b and Wnt-11. No probes were available
to assess possible pronephric expression of the Xenopus
Wnt-2b (Wolda and Moon, 1992). In the mouse, Wnt-7b is
expressed in the posterior segment of the Wolffian duct and
the ureteric bud of the metanephros, but is not detectable in
the mesonephros (Kispert et al., 1996; Patterson et al.,
2001). Similarly, Wnt-11 is first expressed in the Wolffian
duct adjacent to the metanephric blastema prior to the
outgrowth of the ureteric bud, and becomes later confined
to the tips of the branching ureter (Kispert et al., 1996).
Furthermore, no detectable Wnt-11 expression could be
observed in the early nephric ducts of chicken, quail, and
zebrafish embryos (Eisenberg et al., 1997; Makita et al.,
1998; Tanda et al., 1995). Interestingly, the mesonephros
contains multiple short outgrowths from the nephric duct
that do not branch, while the metanephros has a single bud
that undergoes extensive branching. This suggests that
Wnt-7b and Wnt-11 may fulfill metanephros-specific func-
tions, possibly in the regulation of ureteric bud morphogen-
esis or development.
A completely different situation is observed in the case of
Wnt-4. In the developing murine metanephric kidney,
Wnt-4 expression is initially detected in the condensing
metanephrogenic mesenchyme (Stark et al., 1994). During
the subsequent stages of tubulogenesis, its expression per-
sists in comma- and S-shaped bodies, but is lost once
epithelial fusion with the collecting duct is completed.
Wnt-4 is also expressed during mesonephric tubulogenesis
in the mouse and chicken embryo (Parr et al., 1993; Stark et
al., 1994). Finally, Wnt-4 expression is also detected during
pronephric development in Xenopus (Bra¨ndli, 1999; Carroll
et al., 1999b). As shown in Fig. 1, Wnt-4 expression is
associated with the onset of tubulogenesis in the proneph-
ric kidney. Wnt-4 represents the earliest molecular marker
that specifically visualizes the pronephric tubule anlage in
the late neurula Xenopus embryo. Onset of Wnt-4 expres-
sion occurs at stage 19 and thus precedes thickening of the
somatic layer of the intermediate mesoderm, which be-
comes morphologically detectable from stage 21 onwards.
Wnt-4 expression persists during epithelialization of the
tubule anlage and ceases once tubule morphogenesis is
completed. Taken together, these findings suggest that the
role of Wnt-4 is conserved in the development of all three
embryonic kidney forms. Surprisingly, neither Wnt-4 nor
its paralogue Wnt-4b is expressed in the zebrafish prone-
phros (Blader et al., 1996; Liu et al., 2000). A Wnt-4
orthologue has also been recently described for amphioxus,
the closest living invertebrate relative of vertebrates (Schu-
bert et al., 2000). In amphioxus, the excretory system
develops as a segmentally arranged series of nephridia
without any contribution from condensing mesenchyme.
Interestingly, no Wnt-4 expression could be detected in the
nephridium rudiment known as Hatchek’s nephridium
(Schubert et al., 2000). This suggests that, during vertebrate
evolution, renal expression of Wnt-4 may have been ac-
quired with the development of excretory organs composed
of mesenchyme-derived tubular epithelia.
Gain-of-Function Experiments Reveal a Role for
Wnt-4 in Pronephric Tubule Morphogenesis
Organ culture experiments in the mouse demonstrate
that Wnt-4 on its own is able to induce tubulogenesis
(Kispert et al., 1998). Furthermore, cell lines expressing
Wnt-1, Wnt-3a, Wnt-7a, and Wnt-7b all induce tubules
when cultured with metanephrogenic mesenchyme,
whereas Wnt-5a and Wnt-11 do not. This suggests that the
metanephrogenic mesenchyme can respond to more than
one Wnt protein, even to those not normally expressed in
the developing metanephric kidney, such as Wnt-1, Wnt-3a,
and Wnt-7a. In contrast, the misexpression experiments in
Xenopus failed to reveal any evidence for ectopic tubulo-
genesis in the intermediate mesoderm or anywhere else in
the embryo (Fig. 2). This suggests that either the interme-
diate mesoderm is intrinsically not competent for ectopic
tubulogenesis or that exogenous Wnt proteins alone are not
sufficient to trigger the process. We favor here the latter
possibility. The first mesonephric tubules will develop
from stage 39/40 onwards in the intermediate mesoderm of
the posterior trunk (Nieuwkoop and Faber, 1956). This
indicates that the entire intermediate mesoderm will ac-
quire the competence for renal tubulogenesis as develop-
ment proceeds. Wnt proteins signal through members of the
Frizzled (Fz) family of seven-transmembrane proteins
(Bhanot et al., 1996; Yang-Snyder et al., 1996). The acqui-
sition of competence may therefore be directly linked to the
expression of appropriate Wnt receptors. The nature of the
Fz proteins specifically activated by Wnt-4 remains to be
identified, but Fz-3 (Shi et al., 1998) appears to be a
promising candidate. Interestingly, expression of Fz-3 in the
intermediate mesoderm is confined to the pronephric tu-
bule anlage and thus overlaps temporally and spatially with
Wnt-4 expression (D.M.E.S. and A.W.B., unpublished obser-
vation).
While ectopic tubulogenesis could not be observed, em-
bryos misexpressing Wnt-4 displayed a highly characteristic
phenotype. Pronephric duct development occurred unaf-
fected, indicating that the pronephric duct anlage is inert to
ectopic Wnt-4 protein. Morphogenesis of pronephric tu-
bules was, however, severely affected as frequently only a
single rather than the characteristic three tubules were
observed (Fig. 2; Table 1). Misexpression experiments with
selected nonpronephric Wnt proteins revealed that Wnt-11
and to a lesser extent Wnt-1 produced the same tubular
phenotype, while Wnt-2 and Wnt-7b did not. Thus, only a
subset of Wnt proteins is apparently able to interfere with
pronephric tubule morphogenesis. This may be a direct
consequence of the binding preferences of pronephric Fz
proteins. Two scenarios may explain the observed tubular
phenotype. It should be noted here that injection of Wnt
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mRNA results in premature synthesis of Wnt proteins well
before onset of renal Wnt-4 expression at stage 19. In the
first scenario, ectopic Wnt-4 may prematurely drive cells of
the pronephric anlage into differentiation and thus prevent
the attribution of sufficient progenitor cells to form three
pronephric tubules. Interestingly, misexpression of Wnt-4
accelerates both chondrocyte and perichondrium matura-
tion in the chicken limb (Hartmann and Tabin, 2000). We
therefore propose that ectopic, premature expression of
Wnt-4 in the pronephric anlage drives differentiation of
tubule cells by promoting the progression from the prolif-
erating to the postmitotic state. Proliferating cells would
exit the cell cycle prematurely, and then undergo the
normal maturation program too early. This explanation
would account for the overall smaller appearance of the
pronephric tubule area (see Figs. 2B and 2E). Importantly,
none of the subsequent steps involved in the maturation of
tubular epithelia were affected by Wnt-4 misexpression.
This is reflected by the presence of polarized epithelia with
well-developed lumina.
Alternatively, misexpression of Wnt-4 may interfere with
cell movements in the pronephric tubule anlage. Several
lines of evidence suggest that Wnt signaling does not only
have roles in cell fate decisions and cell differentiation, but
is also involved in regulating convergence extension move-
ments (Deardorff et al., 1998; Djiane et al., 2000; Du et al.,
1995; Medina et al., 2000; Moon et al., 1993; Shi et al.,
1998; Sokol, 1996; Tada and Smith, 2000; Wallingford et al.,
2000). In particular, misexpression of Wnt-4 in the axial
mesoderm inhibits convergent extension, causing a short-
ening of the body axis (Du et al., 1995; Ungar et al., 1995).
In light of these results, we took great care in targeting
Wnt-4 injections exclusively to the V2 blastomere, as it
does not contribute progenitors to the axial mesoderm
(Huang et al., 1998; Moody and Kline, 1990). Indeed, the
embryos developed without any obvious axial defects. Fur-
thermore, pronephric duct development occurred normally.
It is, however, conceivable that misexpression of Wnt-4
inhibits morphogenetic tissue movements in the proneph-
ric tubule anlage, which may normally assure the establish-
ment of three distinct tubules. We therefore cannot exclude
FIG. 6. Coinjection of HAWnt-4 rescues SGLT-1L expression in
Wnt4-MO-treated Xenopus embryos. Single V2 blastomeres of
eight-cell stage embryos were injected with 5 ng Wnt4-MO alone
(A) or in conjunction with 0.25 ng HAWnt-4 mRNA (B, C).
Cytoplasmic -galactosidase mRNA (cytgal; 0.1 ng) was coin-
jected as a lineage tracer. Tailbud embryos (stage 33/34) were
processed for gal activity and hybridized with antisense SGLT-1L
probes. (A) Injection of 5 ng Wnt4-MO abolishes pronephric expres-
sion of SGLT-1L. The enlargement of the pronephric tubule region
shows the presence of gal-expressing cells (pale blue), but absence
of SGLT-1L transcripts. (B) Control side of an embryo coinjected
with Wnt4-MO and HAWnt-4 mRNA. The inset illustrates normal
SGLT-1L expression in the pronephros. (C) Injected side of the
embryo shown in (B). The enlargement of the bordered area reveals
substantial expression of SGLT-1L in the pronephros. Note that
gal-expressing cells (arrowhead) are adjacent or colocalize with
SGLT-1L-expressing cells (arrow). Scale bars: 600 m (A–C); 120
m (insets).
TABLE 3
Dose-Dependent Rescue of SGLT-1L Expression by Coinjection of HAWnt-4 mRNA in Wnt4-MO-Treated Xenopus Embryos
HAWnt-4 mRNA
0 ng 0.25 ng 0.5 ng 1 ng 1.5 ng
Frequency of embryos with SGLT-1L expression 28%
n  43
44%
n  48
55%
n  40
63%
n  41
63%
n  41
Note. Single V2 blastomeres of eight cell-stage embryos were coinjected with 5 ng Wnt4-MO and HAWnt-4 mRNA, as indicated. Tailbud
embryos (stage 33/34) were hybridized for SGLT-1L expression. In a control experiment, SGLT-1L expression was observed in 93% of the
embryos (n  42) injected with 0.75 ng HAWnt-4 mRNA alone. n, number of embryos analyzed.
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the possibility that Wnt-4 may also play a role in the
regulation of cell movements during tubulogenesis.
Requirement for Wnt-4 Gene Function in Renal
Tubulogenesis
Initial attempts at inhibiting Xenopus Wnt-4 gene func-
tion during pronephric kidney development were performed
with a carboxy-terminally truncated form of Wnt-4 (dnWnt-
4), which was predicted to act in a dominant-negative
manner similar to dnWnt-8 (Hoppler et al., 1996). Experi-
ments with dnWnt-4 did not, however, result in a loss of
pronephric tubules (D.M.E.S. and A.W.B., unpublished ob-
servations). We therefore employed morpholino antisense
oligonucleotides directed against the ORF of Wnt-4 as an
alternative approach to disrupt gene function in the Xeno-
pus embryo. Wnt4-MO blocked the effects of Wnt-4 misex-
pression and rescue experiments reversed the pronephric
Wnt4-MO phenotype. Collectively, our findings indicate
that the phenotypes observed in MO-treated embryos are
due to a specific loss of Xenopus Wnt-4 function. Further-
more, they demonstrate that MOs can be used to effectively
suppress gene function well into tailbud and possibly tad-
pole stages of Xenopus embryogenesis, since pronephric
expression of Wnt-4 is not initiated before stage 19, approxi-
mately 20 h after fertilization.
Morphological and pronephric marker analyses demon-
strate that interference with Xenopus Wnt-4 function via
MO injection results in a specific loss of pronephric tu-
bules. Wnt4-MO-treated Xenopus embryos therefore pre-
cisely phenocopy the tubulogenesis phenotype described in
Wnt-4-deficient mice (Stark et al., 1994). The similarities
extend down to the molecular level. Metanephrogenic mes-
enchyme of Wnt4-deficient mouse embryos fails to express
Wnt-4 (Stark et al., 1994). Similarly, massive down-
regulation of Wnt-4 expression was observed in pronephric
FIG. 7. Disruption of pronephric tubule formation by Wnt4-MO injection. Single V2 blastomeres of eight-cell-stage embryos were injected
either with 5 ng Wnt4-MO (A) or Wnt4(mp)-MO (B). cytgal mRNA (0.1 ng) was coinjected to allow identification of the MO-injected side.
Embryos were fixed at stage 33/34, processed for cytgal activity, and hybridized for SGLT-1L expression. Transverse sections (A, 1.5 m;
B, 3 m) of plastic-embedded embryos were cut at the level of the pronephros. Selected sections counterstained with Toluidine Blue and
basic fuchsine (A, B) are shown with enlargements of the pronephric tubule region of control (A, B) and injected (A, B) sides. (A, B)
Well-developed pronephric tubule epithelia (arrowheads) were present on the control sides. (A) In contrast, no pronephric tubules could be
detected when Wnt4-MO was injected. An asterisk indicates the position where tubules would normally form. (B) Injection of
Wnt4(mp)-MO did not affect development of pronephric tubules (arrowheads). Scale bars: 250 m (A, B); 75 m (A, A, B, B).
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kidneys of Wnt4-MO-injected Xenopus embryos (Fig. 5B). It
is unlikely that loss of Wnt-4 expression is caused by
Wnt4-MOs affecting directly mRNA stability. Several re-
ports have recently demonstrated that morpholinos do not
cause degradation of the targeted mRNAs (Dibner et al.,
2001; Heasman et al., 2000; Nasevicius and Ekker, 2000).
Furthermore, we found that injection of Wnt4-MO at the
two-cell stage did not overtly affect Wnt-4 expression in
other embryonic tissues, i.e., neural tube and brain (data not
shown). It therefore appears that Wnt-4 protein activity is
required for full activation of its own expression in the
pronephric kidney. Alternatively, cells lacking Wnt-4 ex-
pression may rapidly adopt another fate.
A further feature that appears to be conserved between
Xenopus and mouse functions of Wnt-4 relates to the
nephric duct and its derivatives. In both species, these
structures develop initially unaffected in the absence of
Wnt-4 activity. The ureteric bud epithelium in Wnt-4-
deficient mice undergoes several rounds of branching mor-
phogenesis (Stark et al., 1994), suggesting that tubulogen-
esis is not required for this process. Similarly, formation of
the pronephric duct is normal in Wnt4-MO injected Xeno-
pus embryos. In older Xenopus embryos, coiling of the
anterior segment of the pronephric duct was, however,
frequently reduced. This indicates that late aspects of
pronephric duct morphogenesis may require the presence of
pronephric tubules. Normal coiling may be dependent on a
physical connection between tubule and duct epithelia.
Alternatively, pronephric tubules may provide trophic sig-
nals that promote coiling of the duct.
Collectively, our observations demonstrate that the re-
quirement for Wnt-4 in tubulogenesis has been conserved
between pronephric and metanephric kidneys. Further-
more, it suggests that the same conserved Wnt signaling
pathway controls mesenchyme-to-epithelium transition in
both embryonic kidney forms. It is therefore likely that the
downstream components employed in tubulogenesis are
equally shared. To date, the Fz receptors of the metanephric
kidney cooperating with Wnt-4 in mediating signal trans-
duction are unknown. There are at least 10 distinct Fz genes
in mammals (see The Wnt Gene Homepage, http://
www.stanford.edu/rnusse/wntwindow.html), but their
expression during metanephric kidney development is
poorly understood. Interestingly, the Xenopus orthologues
of most mammalian Fz genes have been cloned, which
raises the possibility of rapid functional screening in Xeno-
pus. The Xenopus pronephric kidney in combination with
morpholino-based gene knock-down technology may there-
fore represent a simplified model to study Wnt signaling in
the formation of renal tubules and the molecular changes
associated with this process.
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